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SUMMARY
The fresh-water crustacean Daphnia magnamay acquire an infection with the microsporidium Octosporea bayeri either by
ingesting spores from the water (horizontally), or directly from its mother (vertically). Due to diﬀerences in the time and
mechanisms of transmission, horizontal and vertical infections may lead to diﬀerences in the growth of the parasite within
the host. This may inﬂuence parasite virulence, transmission to new hosts, and, consequently, epidemiology and evol-
ution. Here we describe the within-host dynamics of 3 spore-types of O. bayeri from infections that were acquired either
horizontally or vertically. In all treatments the number of spores increased exponentially until spore density reached a
plateau, suggesting density-dependent within-host growth. The spore types seen diﬀer in their growth dynamics, sug-
gesting diﬀerent roles in the parasite life-cycle. Horizontally-infected hosts harboured signiﬁcantly fewer spores than
vertically-infected hosts. Further, host survival was aﬀected by infection route, with mortality being higher in horizontal
infections than in vertical infections. Our results suggest that diﬀerent routes of infection have an immediate eﬀect on
within-host parasite growth and thus on parasite ﬁtness and epidemiology.
Key words: host–parasite interaction, horizontal and vertical infection, within-host dynamics, microsporidia, Octosporea
bayeri, Daphnia magna.
INTRODUCTION
Parasites that infect their hosts horizontally as well
as vertically are model organisms for the study of the
evolution of virulence. They allow us to compare,
within a single parasite species, the diﬀerent selection
pressures imposed by horizontal and vertical trans-
mission (e.g. Kover & Clay, 1998; Jaenike, 2000).
Among microsporidia, parasites using both routes
of transmission are common (Becnel & Andreadis,
1999; Dunn & Smith, 2001), and the relationship
between transmission route and virulence has been
studied in some species (e.g. Sweeney, Doggett &
Gullick, 1989; Solter, Maddox & Onstad, 1991;
Kurtti et al. 1994; Agnew & Koella, 1997).
Horizontal and vertical routes of infection may
diﬀer in several mechanistic aspects which can po-
tentially inﬂuence their evolution. In microsporidia,
for example, diﬀerences can be found in the par-
ticular environment where the infection occurs (e.g.
the gut of the host versus the ovaries of the mother in
the case of transovarial infections, Agnew & Koella,
1997), the cellular damage produced by the diﬀerent
routes (e.g. cell piercing in horizontal infections,
Frixione et al. 1997, versus transport with the yolk
in transovarial infection, Becnel & Andreadis, 1999),
the time of infection (usually at a later stage of host
life in horizontal infections) and the amount and
genetic diversity of the parasites (which we expect
to be higher in horizontal infections, all else being
equal, as horizontally infecting parasites may come
from more than one host ; see Frank, 1996). All of
these may have direct eﬀects on the survival and
reproduction of both host and parasite.
Within-host dynamics have been incorporated
into models of host–parasite interactions (e.g. Antia,
Levin & May, 1994; Anderson, 1998; Frank, 2000;
Hoshen et al. 2000), and can be an important factor
in the epidemiology and evolution of pathogens
(Ganusov, Bergstrom & Antia, 2002; Galvani,
2003). Experimental data are scarce (Anderson,
1998), and come mainly from pathogens of ver-
tebrates (e.g.malaria,Hetzel &Anderson, 1996).The
route of infection may have an eﬀect on the within-
host dynamics of a parasite, thus inﬂuencing its
epidemiology and evolution. To determine whether
the route of infection has any eﬀect on the within-
host dynamics of a parasite, we experimentally ma-
nipulated infection route and followed the growth of
the parasite within its host.
Daphnia magna Straus 1820, is a fresh-water
crustacean usually found in eutrophic shallow ponds.
It reproduces by cyclic parthenogenesis, and thus can
be maintained clonally in laboratory conditions. In
nature it is frequently infected with a large number
of ecto- and endoparasites (Green, 1974; Stirnadel &* Corresponding author. E-mail : dita.vizoso@uibk.ac.at
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Ebert, 1997; Ebert, Hottinger & Pajunen, 2001), and
has been used as a model host for the study of several
aspects of host–parasite interactions (Ebert, 1994;
Ebert, Payne & Weisser, 1997; Ebert, Zschokke-
Rohringer & Carius, 1998; Ebert, Lipsitch &
Mangin, 2000; Little & Ebert, 2000; Carius, Little
& Ebert, 2001). The microsporidium Octosporea
bayeri Jı´rovec 1936, is an obligate intracellular para-
site of D. magna with high prevalences in rock-pool
Daphnia populations of the Tva¨rminne Archipelago
in Southern Finland (Ebert et al. 2001). It can infect
its host vertically (from mother to parthenogenetic
or sexual oﬀspring) and horizontally (through water-
borne spores). O. bayeri is heterosporous, with 3
spore-types distinguishable using a phase-contrast
microscope (300r). Two of these spore-types are
present in most infections (Fig. 1), and correspond
morphologically with the common spore-types de-
scribed for diﬀerent microsporidia: ‘ few-coils ’ (FC)
and ‘many-coils ’ (MC) spores (Iwano & Kurtti,
1995). The denomination refers to the diﬀerences in
length of the polar tube, which is coiled inside the
spore and everts during germination. FC spores, with
a relatively thin spore wall and a pear-like shape, are
commonly associated with within-host propagation,
while MC spores, with a thick spore wall and an oval
shape, are associated with horizontal transmission
(Iwano & Kurtti, 1995; Dunn & Smith, 2001). The
third spore-type is of intermediate refringency,
elongated, and very variable in size. Its frequency is
more variable than the other two spore-types, and its
possible role in the life-cycle is unclear.
In this study we describe the infection dynamics
of O. bayeri in a sympatric clone of D. magna ex-
perimentally infected either horizontally or verti-
cally with 3 diﬀerent parasite isolates. We determine
whether the route of infection has an eﬀect on the
production of spores over time, and if the dynamics
of the 2 spore types studied vary according to their
predicted roles in the life-cycle of the parasite.
MATERIALS AND METHODS
As host we chose a single clone of Daphnia magna
from the Tva¨rminne Archipelago in Southern
Finland. This clone was the product of out-crossing
2 clones collected from 2 small rock-pool popu-
lations. The clone was kept for several generations
under standard laboratory conditions: in artiﬁcial
medium (Klu¨ttgen et al. 1994; modiﬁed after Ebert
et al. 1998), fed regularly with the unicellular green
alga Scenedesmus sp., in a light : dark cycle of 8 : 16 h,
and at 20 xC temperature.
The parasites used in this experiment were ob-
tained from ﬁeld samples by allowing single infected
females to reproduce parthenogenetically in the lab-
oratory. The parasites coming from one such female
clone are referred to as an isolate, and considered as a
population of unknown genetic diversity. Three
isolates were used, herein referred to as Ob1, Ob2,
and Ob3, which were collected from 3 diﬀerent rock-
pools in the Tva¨rminne Archipelago. Pilot exper-
iments showed diﬀerences in spore production and
virulence among these 3 isolates, suggesting that
they are genetically distinct.
Experimental design
Preparation of vertical and horizontal lines. In order
to keep the genetic environment of the parasite iso-
lates equal, the 3 isolates were transferred from their
original hosts to the experimental host clone. To do
so, spore suspensions of each isolate were prepared
by homogenizing dying or freshly dead infected
Daphnia from the original cultures and exposing
uninfectedDaphnia to these spore suspensions. Four
replicate lines were produced for each parasite iso-
late, and were kept under standardized laboratory
conditions (with a predominance of vertical trans-
mission, but allowing horizontal infections to occur)
for more than 3 host generations. From these lines,
females of similar age (2 to 3 days old) were isolated
to constitute the mothers of the vertically infected
hosts. Simultaneously, and under the same con-
ditions, uninfected femaleswere raised as themothers
of horizontally infected hosts. We thus had 6 treat-
ments, with all the combinations between parasite
isolate (Ob1, Ob2, and Ob3) and route of infection
(horizontal and vertical). Three days before the in-
oculation, newly born female Daphnia from infected
and uninfected mothers were isolated and random-
ized to balance for line and jar eﬀects, 120 in-
dividuals per treatment, a total of 720 Daphnia.
Finally, dying or freshly dead individuals from the
infected cultures were homogenized with a plastic
pestle in vials containing 1.5 ml of medium to
produce the spore suspensions.
Infection. The inoculation was performed in 2.5 ml
of medium by adding 50000 spores from one of
the spore suspensions. The vertically infected
Daphnia were given a placebo made of homogenized
uninfected Daphnia to compensate for potential
nutrient and/or chemical eﬀects. All animals were
Fig. 1. Types of spores found in Octosporea bayeri
infections. The pictures were taken at 400rmagniﬁcation
using a phase-contrast microscope. MC, many-coils
spore; FC, few-coils spore (see text for details) ; L, long
spore.
D. B. Vizoso and D. Ebert 32
placed randomly in 24-well cell-culture plates. The
Daphnia were fed on the day of infection and after
2 days with 1.5 million algae cells. On day 6 post-
infection the Daphnia were transferred individually
to 100 ml of fresh medium and changed to new
medium every 3 days, or whenever reproduction
occurred. The individuals were fed with 2 million
algae cells and checked for mortality every day.
Measurements. From day zero post-infection, 5
Daphnia from each treatment were killed at deter-
mined intervals to assess the amount of spores har-
boured by a host. The sampling frequency was each
second day between days 0 and 20 post-infection
(including day 0), each third day between days 20
and 29 post-infection, each fourth day between days
29 and 37 post-infection, and each ninth day be-
tween days 37 and 55 post-infection, for a total of 18
sampling dates. All individuals from each sampling
date were chosen at random before the start of the
experiment. Due to diﬀerential mortality, not all
treatments had 5 individuals per sampling date, and
1 sampling date was lost for 1 treatment (horizon-
tally infected Ob3 on day 46 post-infection) and thus
removed from the analyses. Each individual was
homogenized in a standard volume of medium, and
the concentration of spores determined by counting
a subsample of 2.2 ml on a counting chamber (Neu-
bauer Improved) under phase-contrast at 600r.
The last sampling took place 55 days post-infection.
Data analyses
The amount of spores per sampling date for each
spore-type represents the spore-load, i.e. the spores
carried by the host at that particular time. All spore-
load data were ln-transformed. The means and stan-
dard errors of the ln-transformed spore-loads per
sampling date were calculated for each treatment.
To determine whether the route of transmission
had an eﬀect on the start of the spore production, we
compared the proportion of hosts with spores on the
ﬁrst 3 sampling dates after the ﬁrst spores were de-
tected, using a Logistic Regression Analysis with
parasite isolate and infection route as eﬀect variables
(Kleinbaum et al. 1998, pp. 656–686). The signiﬁ-
cance of each eﬀect variable was determined using
Likelihood Ratio tests (Kleinbaum et al. 1998,
pp. 649–652).
One treatment group on day 45 post-infection was
lost due to mortality. To maintain the orthogonality
of the design, that date was removed from the re-
sults. In order to determine whether the spore pro-
duction had stabilized at the end of the experiment,
we compared the amount of spores in the last 2
sampling dates (days 37 and 55 post-infection, 18
days apart) using a three-way ANOVA with parasite
isolate, infection route, and sampling date (time) as
factors. We pooled the interaction sum of squares
with the error sum of squares before testing the
mean squares of the main eﬀects if the interaction
was not signiﬁcant (Sokal & Rohlf, 1998, p. 337). To
detect diﬀerences between treatments in the spore-
load during the whole period, we used a two-way
ANCOVA with parasite isolate and infection route
as factors, and time as a covariate. As time was non-
linearly correlated with spore-load, its square was
incorporated in the model (Kleinbaum et al. 1998,
p. 282). Further, to determine the inﬂuence of time
on the proportion of FC spores relative to the total,
an ANCOVA with parasite isolate and infection
route as factors, and time as a covariate was used.
The dependent variable (proportion of FC spores)
was normalized with the arcsine transformation
(Zar, 1999, p. 282). All assumptions of the ANOVAs
and ANCOVAs were tested, and fulﬁlled with the
transformed data. Data points with zero values were
excluded in both tests.
A survival curve was calculated for each treatment
using the proportion of individuals alive at each
sampling date. We determined if Daphnia from the
diﬀerent treatments diﬀered in their survival using
Cox’s proportional hazards method, with infection
route, parasite isolate, and their interaction as fac-
tors. The Daphnia that did not die naturally (i.e.
those individuals sampled or surviving at the end of
the experiment) were censored. The analysis was
performed using the proportional hazards survival
platform of JMP 4.0 (SAS Institute Inc., 2000).
RESULTS
Spore dynamics
Figure 2 shows the ln-transformed spore-load over
time for FC, MC, and long (L) spores. Spores were
ﬁrst detected when hosts were 11 days old (8 days
after horizontal infection) in all vertically infected
treatments, but only in 1 horizontally infected
treatment (Table 1). The diﬀerence in the pro-
portion of individuals of each infection route found
infected in that date is thus highly signiﬁcant
(Likelihood-Ratio Chi-square=11.2, P=0.0008).
This diﬀerence, however, disappeared from day 12
onwards after horizontal infection (Likelihood-Ratio
Chi-square=1.3, P=0.25). No signiﬁcant eﬀect of
the isolate on the proportion of infected individuals
was found for any of these dates. As the threshold
of detection is rather high (1000 spores/host), the
appearance of the ﬁrst spores might have occurred
earlier than observed.
The comparison between spore-load on the last 2
sampling dates revealed that the amount of FC
spores reaches a plateau (F-ratio for days=1.29,
D.F.=1, P=0.26, n=44), as did L spores (F-ratio for
days=1.56, D.F.=1, P=0.22, n=39) whereas the
MC spore-load increased 10% of the total (F-ratio
for days=5.78, D.F.=1, P=0.01, n=42). There was
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no signiﬁcant interaction between sampling date
and the experimental factors, route of infection and
parasite isolate.
During the whole sampling period vertically in-
fected hosts had higher spore-loads than horizon-
tally infected hosts, for FC spores (Fig. 2A; F-ratio
for route=30.6, D.F.=1, P=0.03, n=272), MC
spores (Fig. 2B; F-ratio for route=263.3, D.F.=1,
P=0.004, n=217), and L spores (Fig. 2C; F-ratio
for route=57.9, D.F.=1, P=0.017, n=188). The
parasite isolate had no signiﬁcant eﬀect on the
amount of any of the spore-types (F-ratio for isolate
on FC spores=1.2, D.F.=2, P=0.46; F-ratio for
isolate on MC spores=1.5, D.F.=2, P=0.94; F-
ratio for isolate on L spores=1.1, D.F.=2, P=0.47).
The interaction between parasite isolate and infec-
tion route was signiﬁcant for FC and L spores, due
to a decrease in the diﬀerence between horizontal
and vertical infections in isolate Ob3 (F-ratio for
interaction, FC spores=9.5, D.F.=2, P=0.0001; L
spores=3.7, D.F.=2, P=0.027). No interaction was
found for MC spores (F-ratio for interaction=1.5,
D.F.=2, P=0.23, n=217).
At the beginning of the infection most of the
observed spores were of the FC type, but their
percentage decreased strongly over time (Fig. 3;
ANCOVA test on the transformed-transformed
proportion of FC spores: F-ratio for time=59.5,
D.F.=1, P<0.0001).
Survival
Figure 4 shows the survival curves and the mean
spore-load over time (FC plus MC spores) for each
treatment. Hosts died at a faster rate when infected
horizontally (Likelihood-Ratio-Test for infection
route, x2=39.2, D.F.=1,P<0.0001, n=688), regard-
less of parasite isolate (Likelihood-Ratio-Test for
isolate, x2=2.7, D.F.=2, P=0.25). The interaction
between infection route and isolate on the survival of
the hosts was signiﬁcant (Likelihood-Ratio-Test for
the interaction, x2=20.36, D.F.=2, P<0.0001), due
to a wider diﬀerence in the survival of hosts infected
horizontally and vertically with isolate Ob3 in both
the initial mortality rates and the survival at the end
of the experiment. In fact, when removing Ob3 hosts
from the test, the interaction was not signiﬁcant
(Likelihood-Ratio-Test for the interaction, x2=1.9,
D.F.=2, P=0.16, n=462).
Fig. 2. Means of the ln-transformed spore-load per
sampling date, for (A), FC spores; (B), MC spores; and
(C), L spores. The arrows indicate the day of horizontal
infection. Filled and empty symbols represent vertical and
horizontal infections respectively. Diﬀerent symbols
represent diﬀerent parasite isolates (square=Ob1,
rhombi=Ob2, and circles=Ob3). Standard errors are
indicated by bars.
Table 1. Appearance of spores in hosts
(The number of days after infection when spores were ﬁrst
observed, for each isolate and route of infection, are
shown. Below the number of days, in parentheses, the
proportion of hosts in which spores were found is given.)
Treatments
Ob1 Ob2 Ob3
h v h v h v
FC spores 10 8 10 8 8 8
(1/5) (4/5) (1/5) (5/5) (2/5) (2/5)
MC spores 10 8 10 8 8 8
(1/5) (2/5) (1/5) (5/5) (1/5) (2/5)
L spores 10 8 10 8 12 8
(1/5) (1/5) (1/5) (4/5) (2/5) (1/5)
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DISCUSSION
The diﬀerence in timing, growth andmaximal spore-
load between FC and MC spores of O. bayeri is
consistent with the hypothesis that FC spores are
responsible for within-host parasite proliferation,
while MC spores accumulate for horizontal infec-
tion. While within-host proliferation, and thus FC
spores, will likely reach a limit when most of the
host’s tissue is infected, MC spores remain being
accumulated. MC spores were observed in the hosts
as early as FC spores appeared. An earlier start of
production of FC spores makes sense under the hy-
pothesis that the parasite would spread through the
host before producing MC spores. For O. bayeri,
however, producing MC spores from an early age
would provide assurance of some horizontal trans-
mission, given the high mortality observed during
the ﬁrst 10 days. L spores present a high variability
in their number and presence, and their role in
parasite life-cycle remains unclear.
An alternative explanation for our results is that
what we deﬁne here as FC spores are actually im-
mature stages of MC spores. Spores usually become
more refringent as they mature, corresponding
to the description of both types and thus making
this alternative plausible. The frequent germination
observed for both spore types, and their diﬀerent
size and shape (Vizoso & Ebert, manuscript in pre-
paration), however, suggests that they are not dif-
ferent stages of the same spore type. Moreover,
non-refringent spores of size and shape similar to
MC spores are frequently found at low densities
(D. Vizoso & S. Lass, personal observations).
The route of infection had a strong eﬀect on the
within-host spore dynamics of O. bayeri. Spore
production in horizontal infections started later than
in vertical infections. Vertically infected hosts ac-
quire the parasite before they are released into the
brood chamber (about 3 days before birth) and thus
the within-host proliferation can start earlier than in
horizontally infected hosts, as the latter were ex-
posed to the parasite 3 days after birth. Thus, we
would expect a diﬀerence in the appearance of spores
of about 6 days. Our data show a shorter diﬀerence
(of about 2 days), suggesting that spore production
starts relatively faster in horizontal infections (at
least 8 days after exposure) than in vertical infections
(about 14 days after infection). This could be ex-
plained by slower growth in early stages of prolifer-
ation in vertical infections, as observed in other
microsporidia (Dunn & Smith, 2001). A slow
growth of the parasite, especially during the early
stages of the host, will reduce the harm to the host.
Thus, it has been suggested that the reduced parasite
growth in vertical infections is an adaptation of the
parasite to increase host survival, and the likelihood
of host (and parasite) reproduction (Dunn, Terry &
Smith, 2001). Exclusively vertical microsporidia
infecting the crustacean Gammarus duebeni, for ex-
ample, seem to restrict their spore production to the
ovarian tissues (Terry, Dunn & Smith, 1997), per-
haps through a non-random sorting of parasites in
the host cell lineages during the early stages of in-
fection (Dunn, Terry & Taneyhill, 1998). This
eﬃcient use of the host is expected to reduce the
metabolic cost of infecting other tissues that would
not lead to vertical infection, and thus decrease the
Fig. 3. Percentage of FC spores as a function of host age in vertically and horizontally infected hosts. Diﬀerent
symbols represent diﬀerent parasite isolates (square=Ob1, rhombi=Ob2, and circles=Ob3). Standard errors are
indicated by bars. Data points on each date have been spaced over the x-axis for clarity.
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parasite’s virulence. In a parasite like O. bayeri,
however, selection for mechanisms to decrease the
harm to the host might be weak, as the parasite can
also be spread horizontally. Moreover, the infection
of tissues other than the ovaries is necessary for the
subsequent horizontal infection.
Horizontal infections can be more harmful to the
host than vertical infections for diverse reasons,
including faster parasite reproduction, concomitant
infections, and a stronger immune reaction. A
stronger eﬀect of horizontal infection is reﬂected in
the higher proportion of hosts dying earlier when the
infection was acquired horizontally, as reﬂected
by the survival analysis. This higher mortality in
horizontally infected hosts does not seem to be a
direct eﬀect of parasite proliferation, as the initial
spore-load of vertically infected hosts is signiﬁcantly
higher. Therefore, our data support the previous
suggestion that the increase of virulence in horizon-
tal infections is to a large extent caused by secondary
eﬀects of infection and not by parasite growth
(Vizoso & Ebert, manuscript submitted). Within
treatments, though, parasite growth seems to in-
crease mortality, as depicted by the coupling of
changes in the spore production rate and the host
survival rate.
Horizontal infections appeared to be more vari-
able in their spore-load. A simple explanation for
Fig. 4. Spore production and survival curves over time, per treatment. The amount of spores per host (all spore-types
included, ln-transformed) is shown with continuous lines, while the proportion of hosts alive is shown with stippled lines.
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this is that the amount of spores is lower in hori-
zontal infections, thus increasing both the measure-
ment error and the natural variation. Nevertheless,
we would expect that horizontal transmission itself
is variable, as the amount, quality, and diversity
of spores will be diﬀerent between hosts. Vertical
transmission, on the other hand, should be less
variable, as it occurs in the rather protected en-
vironment of the mother host.
In conclusion, our data show that in O. bayeri
2 diﬀerent types of spore follow diﬀerent growth
patterns, suggesting that they correspond to spore-
types described in other microsporidia, FC and MC
spores. The observed dynamics for each type are
consistent with the idea that FC spores are respon-
sible for within-host proliferation andMC spores for
horizontal transmission. Ultimate tests of this hy-
pothesis, though, would imply experimental infec-
tions with both types of spores (with the diﬃculty of
segregating them) or ultrastructural studies of the
life-cycle of this parasite. Horizontal infections seem
to inﬂict a greater harm to the host than vertical in-
fections. This could explain the low spore-load and
early host death observed in horizontal infections.
Despite its apparent low within-host performance
when compared with vertical transmission, the eco-
logical signiﬁcance of horizontal transmission for
parasite ﬁtness in the case of O. bayeri is clear: it
allows the parasite to spread.
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